The possibility of formation of ammonium sulfate particles in the stratosphere is examined by comparing the absorption rate of ammonia gas into a sulfuric acid droplet with the condensation rate of sulfuric acid vapor onto the droplet. When the concentration of ammonia gas is sub-ppb level, the conversion time from a sulfuric acid droplet of 0.1*m radius into an ammonium sulfate particle is one to two orders of magnitude shorter than the characteristic time scales of eddy diffusion and sedimentation of particles of 0.1*m radius in the stratosphere. The contribution of coagulation to the growth of particles is smaller than that of the condensation and negligible. When the concentration of ammonia gas is low enough for the influence of the absorption to be neglected, the conversion time from an ammonium sulfate particle of 0.1*m radius into an entire liquid droplet is comparable to or longer than the characteristic time scale of eddy diffusion and sedimentation in the stratosphere.
When the concentration of ammonia gas is sub-ppb level, the conversion time from a sulfuric acid droplet of 0.1*m radius into an ammonium sulfate particle is one to two orders of magnitude shorter than the characteristic time scales of eddy diffusion and sedimentation of particles of 0.1*m radius in the stratosphere. The contribution of coagulation to the growth of particles is smaller than that of the condensation and negligible. When the concentration of ammonia gas is low enough for the influence of the absorption to be neglected, the conversion time from an ammonium sulfate particle of 0.1*m radius into an entire liquid droplet is comparable to or longer than the characteristic time scale of eddy diffusion and sedimentation in the stratosphere.
Introduction
Sulfuric acid and its ammonium salts are one of the major constituents of tropospheric aerosols.
In the stratosphere sulfuric acid is the main constituent of aerosols and other chemical components, such as ammonium sulfate (or ammonium bisulfate or ammonium persulfate), have been also found (e.g., Mossop, 1965; Gras, 1978) . Friend et at. (1973) proposed that sulfuric acid droplets in the stratosphere produced after the injection of SO2 by volcanic eruptions would react in turn with ammonia transported from the troposphere to form ammonium sulfate particles. According to Gras (1978) the composition of stratospheric aerosol particles was sulfuric acid from 1970 to February 1977. However, he observed that the morphology of stratospheric aerosol particles changed from acid-like structure in February into eroded structure in April and ultimately into ammonium sulfate-like one in July, 1977 . Lazrus et at. (1979 presented that ammonium-rich particles had existed over tropical latitudes at lower altitudes in the stratosphere.
These results suggest that the composition of stratospheric aerosol particles is variable spatially and temporally.
The existence of ammonium salts particles in the stratosphere has been doubted by Hayes et al. (1980) . They pointed out that sulfuric acid droplets were converted rapidly into ammonium sulfate particles by absorbing ambient ammonia in laboratory-room air before identification. However, it can be expected paradoxically from their suggestion that ammonium sulfate particles are produced by absorption of ammonia gas into sulfuric acid droplets in the stratosphere because of high affinity between ammonia and sulfuric acid, if there is sufficient amount of ammonia.
In this paper we will examine the absorption of ammonia as one of the possible formation mechanisms of ammonium sulfate particles in the stratosphere, though other processes, for example, the transportation of ammonium sulfate particles from the troposphere, would be also important. By comparing the absorption rate of ammonia with the condensation rate of sulfuric acid vapor for an aerosol particle, we will discuss the condition necessary for the formation of ammonium sulfate particles in the stratosphere.
The conversion from ammonium sulfate particles into liquid droplets is also examined.
On the basis of these examination, we will discuss the possibility of the existence of ammonium sulfate particles in the stratosphere.
In this note 'an ammonium sulfate particle' means not only a particle composed by ammonium sulfate stoichiometrically but also a solid ammonium salt particle.
2. Basic consideration on absorption of ammonia gas and condensation of sulfuric acid vapor In order to study the formation of ammonium sulfate particles in the stratosphere, we will compare the absorption rate of ammonia gas into them with the condensation rate of sulfuric acid vapor onto them.
It is assumed that ammonia molecules collide with an aerosol particle and are absorbed in it. According to Cadle et al. (1975) , the collision rate is proportional to the concentration of a gas which is absorbed, the surface area of the particulate matter and the ratio of number of collisions, which actually contribute to the reaction, to the total number of collisions *. Therefore, the absorption rate of ammonia into an aerosol particle F is given as where [NH3] is the number density of ammonia molecules, R the gas constant, T the absolute temperature, M the molecular weight of ammonia and * the surface area of the aerosol particle.
Sulfuric acid reacts with ammonia readily and produces its salt. Baldwin and Golden (1979) showed that the reactivity of gaseous ammonia with sulfuric acid was very large, *> 10-3, in comparison with other gases of atmospheric interest. Huntzicker et al. (1980) reported high values of *=0.2 to 0.3 for particles of 0.3 to 0.4*m diameter. Recently McMurry et al. (1983) also reported high values of *=0.40 to 0.18 for particles of 0.058 to 0.1 am diameter. According to Hayes et al. (1980) , sulfuric acid droplets collected on an electronmicroscopic grid are converted entirely into ammonium sulfate particles within one hour by exposure to laboratory-room air. On the basis of Hayes' experiments, 10-2 was taken tentatively as the value of * for the entire conversion from a sulfuric acid droplet into an ammonium sulfate particle. Hamill et al. (1977) presented that the condensation rate of sulfuric acid vapor onto an acid droplet G could be written by where * is the sticking coefficient. In general * is assumed to be unity for the condensation of sulfuric acid vapor. In our model * is assumed to be unity regardless of change in the sulfuric acid content of particles.
There are three estimations of the vapor pressure of sulfuric acid over sulfuric acid aqueous solution (Abel, 1946; Gmitro and Vermeulen, 1964; Ayers et al., 1980) . Figure 1 shows temperature dependence of the sulfuric acid vapor pressure over 75wt% sulfuric acid aqueous solution given by these estimations. Thermodynamic data are referred to Giauque et al. (1960) . The vapor pressure estimated by Ayers et al. (1980) is lower than others and shows the nearest value to vapor pressure measured by Roedel (1979) among three estimations. The vapor pressure Pa0 used in our computation is based on Ayers' estimation.
The vapor pressure over (NH4)2SO4-H2SO4-H2O solution system Pa0* is not equal to Pa0 in general but probably Pa0*<Pa0. However, we use Pa0 instead of Pa0* in our examination for the (NH4)2SO4-H2SO4-H2O system. In Eq.
(2), Pa-Pa0* is nearly equal to Pa-Pa0, when Pa*Pa0 and Pa0*. ticle of 0.1*m radius represent stratospheric aerosol particles.
Atmospheric temperature, the number density of air molecules and other quantities used in the computation are taken from U. S. Standard Atmosphere (1976) . Figure 2 shows the particle-size dependences of the condensation rate of sulfuric acid vapor and the absorption rate of ammonia by a particle.
Both the absorption rate and the condensation rate increase with the particle radius. The slope of the condensation rate versus particle radius is not so different from Fig. 1 Estimations of the vapor pressure of sulfuric acid vapor over 75wt% sulfuric acid aqueous solution by Abel (1946) , Gmitro and Vermeulen (1964) and Ayers et al. (1980) . If Pa<Pa0, sulfuric acid evaporates from the droplet. The higher the sulfuric acid content in the droplet, the higher the vapor pressure Pa0 becomes. A concentrated sulfuric acid droplet would evaporate more readily than a dilute one. In evaporation the coefficient * is assumed to be unity as well as in condensation.
Results of numerical computation
In this section we will show the absorption rate of ammonia and the condensation rate of sulfuric acid vapor for an acid droplet. We assume that the interaction between stratospheric aerosol particles and water vapor can be neglected because a particle could be in equilibrium with water vapor after Hamill et al. (1977) . In the stratosphere the concentration of water vapor is many orders of magnitude higher than the concentrations of ammonia gas and sulfuric acid vapor.
As the size distribution functions for the number, surface and volume of stratospheric aerosol particles have maxima of about 0.1*m radius (e.g., Jaenicke, 1980), we make a par- that of the absorption rate except for r>1.0 * m. This results that the absorption rate is proportional to r2, and the condensation rate is proportional to r2 when Kn*1 (small particles), while proportional to r when Kn*1 (large particles). For example, if it is assumed that the concentrations of ambient sulfuric acid vapor and ammonia are 105cm-3 and 1pptv, respectively, the absorption rate is comparable to the condensation rate. If we assume that * is 10-1 based on the experiments by Hunzicker et al. (1980) and McMurry et al. (1983) and that the concentration of ambient sulfuric acid vapor is 105cm-3, the condensation rate is comparable to the absorption of ammonia of 0.1pptv. Figure 3 shows that the absorption rate of ammonia gas into a sulfuric acid droplet with radius of 0.1*m decreases with altitude because of the decrease in the number density of air molecules with altitude. Figure 4 shows the condensation rate of sulfuric acid vapor onto a sulfuric acid droplet with radius of 0.1*m.
Condensation rates are examined for droplets of acid content of 55, 75 and 85wt °o because the vapor pressure of sulfuric acid over a droplet Pa0 depends on the acid content of the droplet. It can be seen in Fig. 4 that the acid content of the droplets is a more effective parameter on the condensation rate than the altitude when the concentration of ambient sulfuric acid vapor is fixed. The lower the sulfuric acid content in the acid droplet, the lower the vapor pressure Pa0 becomes. A dilute acid droplet can grow more rapidly than a concentrated one. When Pa*Pa0, the term Pa-Pa0 in Eq. (2) can be replaced by Pa. When the concentration of ambient sulfuric acid vapor is fixed, the condensation rate of a 55wt% acid droplet is nearly constant in the stratosphere because Pa*Pa0.
As atmospheric temperature increases with altitude at altitudes above 20 km (U. S. Standard Atmosphere, 1976), Pa0 increases with altitude. When the concentration of ambient sulfuric acid vapor is 104cm-3, condensation does not occur for a 75wt% acid droplet at altitudes above 32km because Pa< Pa0. Similarly, condensation does not occur for a 85wt% acid droplet when the concen- Solid lines show the condensation rates for 55wt% sulfuric acid droplets, broken lines 75wt% and dotted lines 85wt%. * is taken to be unity. tration of ambient sulfuric acid vapor is 104 cm-3.
Discussion

Formation of ammonium sulfate particles
First, we will show measurements and numerical estimations of the concentration of sulfuric acid vapor and ammonia and the acid content of stratospheric aerosol particles by many researchers and then will discuss the possibility of the formation of ammonium sulfate particles by absorbing ammonia in the stratosphere.
Numerical calculations by Turco et al. (1979) showed that the molecular number density of ambient sulfuric acid vapor at about 16km was about 105cm-3. Arnold and Buhrke (1983) showed by using passive chemical ionization mass spectrometry that the molecular number densities of H2SO4 or HOSO4+HSO3 were 3*104 to 105cm-3 from 20 to 27km and increased to about 2*106cm-3 at altitude of 34km. HSO3 is also regarded as a condensable species. Recently, Heitmann and Arnold (1983) showed the number density of these sulfur-bearing gases was about 105cm-3 at altitudes between 20 and 15km. Rosen (1971) reported the fraction of sulfuric acid in aerosols to be 75wt% by using balloon-borne particle counter with heater. Hofmann and Rosen (1983) showed that the fractions were 60 to 65 and 80wt% at altitudes of about 18 and 25km. Turco et al. (1979) also showed by a numerical model that sulfuric acid weight fraction of droplets increased with height from 61wt% at 12km to 91wt% at 40km.
The condensation rate of sulfuric acid vapor is dependent on the difference between the ambient sulfuric acid vapor pressure Pa and the vapor pressure over a sulfuric acid droplet Pa0. Pa0 is strongly dependent on the acid content of the droplet. From comparison between Figs. 3 and 4 the absorption rate is seen to be the same order of magnitude as the condensation rate in the lower stratosphere when the concentrations of ammonia and ambient sulfuric acid vapor are 1ppty and 105 cm-3, respectively.
If the concentration of ammonia is 1pptv or more, ammonium sulfate particles would be formed.
Hoell and his co-workers measured the concentration of ammonia by an infrared heterodyne radiometer and showed it to be sub-ppb level at 15km and estimated the concentrations of ammonia by using an one-dimensional numerical models (Levine et al., 1980) . When the concentration of ammonia is sub-ppb level, the absorption rate is two orders of magnitude greater than the condensation rate. The conversion time of a sulfuric acid droplet of 0.1*m radius into an ammonium sulfate particle is roughly estimated by (number of sulfuric acid molecules in the droplet)*2/(the absorption rate)*106sec. In this case the conversion time is one to two orders of magnitude shorter than the characteristic time scales of eddy diffusion and sedimentation in the lower stratosphere.
The contribution of coagulation to the growth of particles is smaller than that of condensation as presented later. We can conclude that ammonium sulfate particles can be formed by the absorption of ambient ammonia in the lower stratosphere. McConnell (1973) also showed that the concentration of ammonia gas exceeds 0.1ppbv in the lower stratosphere and decreased rapidly with height at altitudes above 20km. The formation of ammonium sulfate particles by absorbing ambient ammonia gas would not be important at altitudes above 20km.
Our estimation indicates that the ammoniation of sulfuric acid droplets by the absorption can take place in the lower stratosphere if the sufficient amount of ammonia gas is supplied. However, Lazrus et al. (1979) showed that the ammonium fraction in stratospheric aerosol particles was small in most part of the stratosphere through their observational period. The concentration of ammonia gas in the stratosphere might be low in most cases.
Conversion of ammonium sulfate
particles into liquid droplets If the concentration of ammonia gas is low enough to neglect the absorption in comparison with the condensation and if an ammonium sulfate particle is exposed to such an atmosphere, the particle might convert into a liquid droplet.
In (NH4)2SO4-H2SO4-H2O solution system, the solid phase liquidizes as ammonium content in the mixed system becomes lower, and no solid phase is seen when ammonium content in the system is lower than a certain value. The solubility diagram shows that only liquid phase is seen if mole ratio of sulfate to ammonium is greater than about 2 or 3 at room temperature in (NH4)2SO4-H2SO4-H2O solution system (see Lee and Brosset, 1979) . If the number density of sulfuric acid vapor molecule is 105cm-3 and the absorption of ammonia is negligible in the lower stratosphere, the conversion time of an ammonium sulfate particle with 0.1*m in radius into an entire liquid droplet by condensing sulfuric acid vapor is roughly estimated by (number of ammonium sulfate molecules in the particle) *3 or 5/(the condensation rate)*108sec.
This value is comparable or longer than the characteristic time scales of eddy diffusion and sedimentation of particles in the stratosphere.
Once ammonium sulfate particles ark produced or injected into the stratosphere, it will take a long time to be converted into liquid droplets which do not include so-called cores. This can lead the diversity of morphology of stratospheric aerosol particles which was reported by Bigg et al. (1970) , and this also might result in the spatial inhomogeneity of the composition of stratospheric aerosol particles. Bigg et al. (1970) observed the coexistence of particles with different morphology on a grid and some of which were regarded as sulfuric acid droplets and ammonium sulfate particles from their morphology. The contamination by ammonia gas at the ground cannot explain the diversity of morphology of stratospheric aerosol particles on an electronmicroscopic grid. This diversity can be a positive proof of the existence of ammonium sulfate particles in the stratosphere.
Influence of volcanic eruptions
As sulfuric acid vapor in the stratosphere increases, the conversion time from ammonium sulfate particles into liquid droplets becomes shorter.
Volcanic eruptions sometimes inject a large amount of SO2 into the stratosphere. SO2 will be oxidized and sulfuric acid vapor will increase in the stratosphere. Mossop (1964 Mossop ( , 1965 reported the morphological change in stratospheric aerosols before and after the eruption of Mt. Agung, 1963 . El Chichon in Mexico recently injected a large amount of volcanic effluents into the stratosphere. This resulted in the development of stratospheric aerosol layer. Hofmann and Rosen (1983) estimated that the molecular number density of sulfuric acid was at least 3*107cm-3 at about 25km after the eruption of El Chichon. If volcanic plumes are mixed to unperturbed air parcels in the stratosphere, ammonium sulfate particles must have converted into liquid droplets within 2 weeks after the eruption of El Chichon even if ammonium sulfate particles had existed before it.
Contribution of coagulation
The conversion of ammonium sulfate particles into liquid droplets is also explained by coagulation with smaller particles (Hamill et al., 1977) . Figure 5 shows the molecular flux of sulfuric acid vapor onto an i-th particle by coagulation Gcag i, which is calculated by where Kij is the coagulation kernel between the i-th and j-th particles and Nj the number concentration of the j-th particle and Naj the number of sulfuric acid molecule in a j-th particle.
In Fig. 5 , the content of sulfuric acid in particles is assumed to be 100wt%. The size distribution of aerosol particles is assumed to be zeroth-order logarithmic distribution (Zold) function, where A is chosen arbitrarily, rm the modal radius and * the width and skewness of the distribution.
In Fig. 5 , rm and * are taken to be 0.035*m and 2.0, respectively (Toon and Pollack, 1976 ) and the number concentration of 0.1 to 1.0*m radius particles is 1cm-3 (Bigg, 1975) .
Comparing Fig. 5 with Fig. 4 , the contribution of coagulation to the growth of 0.1*m particle is one order of magnitude smaller than that of condensation in the lower strato- sphere where the number density of sulfuric acid vapor is about 105cm-3. For a 0.01*m particle the contribution of coagulation is three orders of magnitude smaller than that of condensation and for a 1.0*m particles two orders of magnitude smaller.
It is concluded that the contribution of coagulation to the conversion from ammonium sulfate particles into liquid droplets is negligible.
Evaporation of sulfuric acid
Sulfuric acid droplets evaporate when Pa < Pa0 in Eq. (2). The vapor pressure over a sulfuric acid droplet Pa0 increases with the increase in the acid content of sulfuric acid aqueous solution and temperature.
Evaporation will be important at higher altitudes because the acid content and temperature increase with altitude.
Pa0 is an effective parameter in the evaporation rate and the vapor pressure for (NH4)2SO4-H2SO4-H2O solution system Pa0* is probably lower than Pa0. The evaporation of an acid droplet would become inactive as its ammonium content increases. A mixed droplet with some ammonium ions can exist at higher altitudes than a droplet without ammonium ion. We cannot discuss the formation of ammonium sulfate particles by evaporation of sulfuric acid vapor from the mixed droplets in more detail because of lack of data of Pa0*. However, Gras (1978) observed crystalline particles recognisable as ammonium sulfate at a higher altitude than lower altitudes in the stratosphere. This might show the possibility of formation of ammonium sulfate particles by evaporation.
Summary
The absorption rate of ammonia into a sulfuric acid droplet predominates over the condensation rate of sulfuric acid vapor onto the droplet in the lower stratosphere when the concentration of ammonia gas is more than 1pptv.
When the concentration of ammonia gas is sub-ppb level, the conversion time from a sulfuric acid droplet of 0.1*m radius into an ammonium sulfate particle by absorbing ambient ammonia is one to two orders of magnitude shorter than the characteristic time scales of eddy diffusion and sedimentation of particles of 0.1*m in the stratosphere.
The formation of the ammonium sulfate particle by the conversion would be possible in the lower stratosphere.
The contribution of coagulation to the growth of particles is smaller than that of the condensation and is negligible in the stratosphere.
If the concentration of ammonia is low enough to neglect absorption in the lower stratosphere, ammonium sulfate particles will be converted into liquid droplets by condensing sulfuric acid vapor. However, it takes a long time for the conversion to complete. This can lead to the spatial inhomogeneity of the composition of stratospheric aerosol particles. Our result shows the possibility of the exisence of ammonium salt particles, or at least of mixed particles which are coated by sulfuric acid around ammonium salt core, in the stratosphere.
